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Abstract. The Cantabrian domain represents the western Data presented in this work fully support the develop-
portion of the Pyrenean orogen, in the area where the Iberiament of the Cantabrian Mountains as related to indentation
continental lithosphere was subducted toward the north unand consequent thickening of the Bay of Biscay transitional
derneath the transitional to oceanic lithosphere of the Baylower crust during north-directed subduction of Iberian con-
of Biscay. There, the about 100 km of orogenic convergencdinental lithosphere. In essence, the Cantabrian pro-wedge is
have been mostly accommodated in the northern portion o# lithospheric south-verging fault-propagation anticline de-
the orogen (i.e. the retro wedge) developed in the Bay of Bisveloping above the subduction plane. The structural record in
cay abyssal plain, while only crustal-scale folding with lim- the area indicates that a lithospheric fault-propagation fold-
ited internal deformation occurred in the Cantabrian south-ng stage was predated, during the very early stages of oro-
ern wedge (pro-wedge). Integrated meso- and macrostruggenic shortening, by the development of a lithospheric-scale
tural analyses and a reappraisal of available information fromopen syncline overlying the nucleation point of lithosphere
the transitional area between the Pyrenean and Cantabriaginking. Such a syncline is today partially preserved and rep-
domains are presented in this work, allowing to set geometresents one of the few natural examples of subduction initia-
ric and kinematic constraints on the entire Meso-Cenozoidion.
history of the northern portion of the Iberian Plate, including
subduction initiation and evolution in the western portion of
the Pyrenean orogen.

The structural record of the Late Jurassic to Early cre-1
taceous deformation stage, which was associated with rift-

ing and seafloor spreading in the Bay of Biscay, indicatesThe E-W trending Pyrenean orogen represents the bound-

a ridge perpendicular (NNE-SSW oriented) extension, with®”Y between the Iberian and Euras_,ian plates and extends for
no evidence of relevant strike-slip components during rift- M °"¢ than 1000km from the Mediterranean Sea to the At

ing. A Cenozoic NNW-SSE oriented shortening stage fol- lantic Ocean (Miioz, 2002). It formed in Late Cretaceous

lowed, related to the limited (about 100 km) north-directed fjo C_enoz?ichagltz) dl_Je tglthe Iim(i;[ed (i'eh 1(;0_;50 kr_n) sub-
subduction of the Iberian continental lithosphere under- uc;t|0n of the erian .ate un erneat_ t € Eurasian one,
neath the transitional to oceanic lithosphere of the BayWhICh caqsed the inversion of a Mesozoic “.ft system to de-
of Biscay. Subduction led to the formation of the poorly- velop during the opening of the Bay of Biscay (Fig. 1a)

developed Cantabrian pro-wedge, which is laterally juxta—(e'g' Choukroune et al., 1989; Roure et al., 19897ibly

posed to the well-developed Pyrenean pro-wedge to the eas}.ggz; Pulgar et al.,, 1996; Teixell, 1998; Gallastegui, 2000;

During this convergence stage, the structural framework inVerges etal., 1995, 2002; Pedreira etal., 2007; Jammes etal.,

2009). To the east, the Pyrenean arm of the Mesozoic Bay of

the Cantabrian pro-wedge, and particularly along its transi-B. P ift has b dwiched b
tion with the Pyrenean wedge to the east, was severely comp'Scay-Pyrenean rift system has been sandwiched between

plicated by the reactivation of Paleozoic and Mesozoic inher—the subducting Iberian Plate and Fhe overrldlr.1g Eura3|an
ited structures. one (e.g. Choukroune et al., 1989; fz, 1992; Teixell,
1998; Pedreira et al., 2007; Roca et al., 2011), which re-

sulted in the development of a doubly vergent orogen. In the
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Fig. 1. (A) Present-day and reconstructed Late Cretaceous tectonic sketch map of the Iberia-Eurasia {@)riR&Bokinematic recon-
struction of Iberia with fixed Eurasia at 118 My (chron MO0) according to the strike-slip and scissor type opening models (Modified from

Jammes et al., 2009). Dotted lines indicate the present-day shoreline of Iberia.

western portion of the Pyrenean orogen, hereinafter name#m of Iberian continental lithosphere underneath the transi-
Cantabrian domain, convergence involved the deformatiortional to oceanic lithosphere of the Bay of Biscay (e.g. Pulgar
of the southern passive margin of the Mesozoic rift systemet al., 1995, 1996; Alonso et al., 1996). The drastic along-
(Fig. 1a). There, the southern wedge of the orogen is poorlystrike change in the style of deformation between the west-
developed (e.g. Alonso et al., 1996; Pulgar et al., 1996; Galern and eastern portions of the of the Pyrenean orogen, how-
lastegui, 2000; Tavani et al., 2011a) and convergence hasver, is confined to the upper part of the crust. Both Moho
been almost entirely accommodated by the development oénd top of the lower crust of the subducting Iberian Plate, in
a northern wedge overlying the transitional to oceanic crusffact, experience negligible variations across the two domains
of the Bay of Biscay. These features of the Cantabrian do{e.g. Pedreira et al., 2007), and the subducting Iberian litho-
main, which together with the limited amount of subduction sphere can be followed at least until the northwestern cor-
make the area a strongly atypical subduction zone, have sugier of the Iberian Peninsula (Gallastegui, 2000), where the
gested south-directed subduction of the oceanic lithospheramount of convergence was less than 40 km (Alvarez-dfarr
of the Bay of Biscay underneath the Iberian continental litho-et al., 1997). The absence of large-displacement thrusts in the
sphere (e.g. Baillot et al., 1979), which was in agreementonshore portion of the Cantabrian domain, makes that area
with a nucleation of the subduction zone by collapse of aone of the few sites in the world where mechanisms operat-
passive margin (e.g. Wilson, 1966). Indeed, the convictioning during initiation of subduction can be easily and directly
that Iberia represented the overriding plate in the westerrinferred from the observations of poorly reworked structural
portion of the Pyrenean orogen lasted up until the 1990sand stratigraphic features, although these mechanisms have
when the ESCIN-2 deep seismic profile, which crosses theoperated within an atypical subduction zone. A meso- and
central portion of the Cantabrian domain, unequivocally re-macrostructural study was carried out in the southern por-
vealed a reverse framework, with subduction of many tens otion of the Cantabrian domain and along its transition to the
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Pyrenean doubly vergent domain, in order to provide insights1992; Beaumont et al., 2000). Differences in the cumulative
about deformation processes, stress directions and role of irmmount of shortening reduce when considering only the post-
herited structures during initiation and evolution of PyreneanSantonian seafloor magnetic anomalies (e.g. Rosenbaum et
orogeny in the Cantabrian domain. al., 2002). However, this does not imply the absence of dis-
The fact that data presented in this work have been colcrepancies. In fact, convergence directions inferred from the
lected along a wide area of the Iberian-European platénterpretation of magnetic anomalies are characterised by ge-
boundary requires the clarification of the kinematic frame- ologically undetected left-lateral and right-lateral transpres-
work of Iberia, and in particular about the evolution of its sive components during Late Cretaceous and Cenozoic, re-
northern margin, which is still matter of debate. Iberia hasspectively. With increasing the amount of data, incompatibil-
attracted the curiosity of the geodynamics community sinceities have become increasingly evident. Jammes et al. (2009)
the dawn of plate tectonics, due to the availability of seafloormade explicit the difficulty of reconciling geology with mod-
magnetic anomalies in the Atlantic Ocean and in the Bayels based on the interpretation of seafloor magnetic anoma-
of Biscay, which allowed reconstructing the motion of this lies, and proposed a reconstruction where doubtful (i.e. prob-
micro-plate, and due to the possibility of verifying plate tec- ably not associated with newly formed oceanic crust) and
tonics hypotheses in the well-exposed and small-sized Pyregeologically inconsistent magnetic anomalies are rejected.
nean orogen. Most of the works published until recent yeardn essence, Jammes et al. (2009) made the simple consid-
have shared the hard task of fitting seafloor magnetic anomeeration that seafloor spreading was only part of the Meso-
lies (e.g. Srivastava et al., 1990; Rosenbaum et al., 2002)oic breakup and spreading process, as an important role in
paleomagnetic (e.g. Van der Voo, 1969) and geological datahe Mesozoic motion of Iberia was played by the exhumed
(e.g. Le Pichon et al., 1970; Choukroune et al., 1989; Rourecontinental mantle, which is exposed in the Pyrenean Moun-
etal., 1989; Miioz, 1992; Pulgar et al., 1996; Teixell, 1998). tain Range (e.g. Lagabrielle et al., 2010), and surrounds the
In this sense, it is almost commonly accepted that (1) un-oceanic crust of the North Atlantic and of the Bay of Bis-
til Jurassic lberia and Europe were attached, (2) their sepacay (e.g. Boillot et al., 1987; Sibuet et al., 2007). The result
ration implied breakup and spreading in the Bay of Biscay,is a reconstruction consistent with a belt perpendicular N-S
about 35 counter-clockwise rotation of Iberia with respectto oriented convergence postdating an almost ridge perpendic-
Europe, and left-lateral movements between the two platesular extensional to transtensional stage, thus fitting the geol-
(3) Convergence started in Late Cretaceous. In detail, howegy of the eastern portion of the Pyrenean orogen and of the
ever, significant differences exist between the different plateBay of Biscay. In line with this approach, data presented in
kinematic reconstructions, also because uncertainties abotibis work provide highly detailed additional evidence of an
the Mesozoic plate configuration of the western Mediter-about N-S oriented (i.e. belt-perpendicular) Pyrenean con-
ranean area exist (e.g. Capitanio and Goes, 2006), whickiergence, making explicit the inconsistency of significant
does not allow to fully constrain the Mesozoic position of belt-parallel strike-slip components during convergence, and
Iberia. Two plate-kinematic end-member solutions, both ofa ridge-perpendicular, NNE-SSW oriented, extension during
them based on the study of seafloor magnetic anomalies patpening of the Bay of Biscay.
tern in the Atlantic Ocean and in the Bay of Biscay, have been
classically used to describe the Mesozoic motion of Iberia
(for a recent review, see Vissers and Meijer, 2012) and, in2  Geological outline
particular, the opening of the Bay of Biscay (Fig. 1b). The
strike-slip opening model (e.g. Olivet, 1996) assumes thatthe.1 The crustal-scale architecture
present-day shape of the Bay of Biscay is mostly related to
left-lateral strike-slip movements between Europe and Iberia;The study area is located at the transition between two dis-
which would have started to occur in Aptian—Albian times. tinct domains of the Pyrenean doubly vergent orogen (Fig. 2),
This reconstruction, however, contrasts with mesostructuraivhich developed in Late Cretaceous to Cenozoic age due to
data collected in many intracontinental basins that formedhe subduction of the Iberian Plate underneath the Eurasian
part of the Bay of Biscay-Pyrenean rift system, and whichone (Choukroune et al., 1989; Roure et al., 1989;fibhj
are today exposed in the western (e.g. Tavani andiddu  1992; Vergs et al., 1995, 2002; Pulgar et al., 1996; Teix-
2012) and eastern portion of the Pyrenean orogen (Tavani ell, 1998; Gallastegui, 2000; Pedreira et al., 2007). To the
al., 2011b). The alternative scissor-type opening model (e.geast, in the Pyrenean domain, the far-travelled frontal struc-
Srivastava et al., 2000; Rosenbaum et al., 2002; Sibuet et altures of the south-verging portion of the orogen are charac-
2004) predicts about 600 km of Mesozoic extension and aerised by a thin-skin style of deformation (e.g. Choukroune
similar value of shortening in the eastern portion of the Pyre-et al., 1989; Miioz, 1992; Teixell, 1998; Pedreira et al.,
nean orogen. These values are incompatible with the amour007) (Profiles P1 and P2 of Fig. 2). Conversely, the western
of shortening in that area, which ranges from 80 km (Teixell, Cantabrian domain of the Pyrenean orogen is characterised
1998) to 120 km (Vergs et al., 1995), up to a maximum of by a thick-skin style of deformation also in its southernmost
about 160 km in the central portion of the Pyreneesitbiy frontal portion (Profiles P3 of Fig. 2) (Alonso et al., 1996;
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Fig. 2. Elevation map with main faults of the Iberia-Eurasia collisional margin and orogenic domains marked and crustal-scale cross sections.
P1: geological cross section across the Pyrenees (aft@o&)1992); P2: geological cross section across the Basque Pyrenees (after Pedreira

et al., 2007); P3: geological cross section across the Cantabrian Mountains (modified from Gallastegui, 2000); P4: geological cross section
across the western termination of the Cantabrian domain (modified from AlvarepiMetrial., 1997). P5: geological cross section along

the Cantabrian shelf (modified from Ayarza et al., 1998). P6: P-wave velocity-depth model along the Cantabrian Mountains and the western
portion of the Basque Pyrenees (modified from Pedreira et al., 2007), with corresponding topographic elevation along the same profile.

Pulgar et al., 1996; Gallastegui, 2000), which accommodategbrogressively disappears, and contractional structures mostly
only for few kilometres of N-S oriented shortening (Tavani include strike-slip faults oriented consistently with a roughly
et al., 2011a). In this western domain, most of the conver-N-S to NNW-SSE oriented shortening direction (Santanach,
gence was accommodated in the north-verging portion 0fl994; De Vicente et al., 2011; Martin-Gdxdez and Here-

the orogen (Gallastegui, 2000; Pedreira et al., 2007), wherelia, 2011). Contextually, in this western termination, seismic
the amount of Cenozoic shortening was about 90 km (Gal-data in the northern retro-wedge indicate limited shortening
lastegui et al., 2002). Such an anomalous shortening repafProfile P4 of Fig. 2) (i.e. about 35 km according to Alvarez-
tition between pro- and retro-wedge in the Cantabrian do-Marron et al., 1997). Ambiguous evidence of Iberia subduc-
main is particularly evident in its western termination, to- tion exists in the area. In fact, while both gravimetric data
ward which the southern foreland basin (i.e. the Duero Basin)Alvarez-Maribn et al., 1997) and seismic velocity modelling
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(Ferrandez-Viejo et al., 1998) along the profile P4 would 1999; Gamara, 1997; Espina et al., 2004; Alonso et al., 2009;
support an almost continuous subhorizontal Iberian Moho.Tavani and M#ioz, 2012). In particular, the most impor-
The belt-parallel deep seismic profile ESCIN 3.3 (profile P5tant inherited structures are the Ubierna-Ventaniella Fault
of Fig. 2) shows a repetition of the lower crust-mantle bound-System and the western portion of the Sierra de Cantabria
ary (Ayarza et al., 1998) matching a north-directed subduc+ault, which are at least Triassic in age (e.g. Tavani and
tion of Iberia. In agreement, recompilation of available dataMufioz, 2012). These were reactivated during the Late Juras-
in the area led Gallastegui (2000) to conclude that, in the NWsic to Early Cretaceous rifting associated with the open-
corner of the peninsula, the subduction of Iberian lithosphereng of the Bay of Biscay and, together with a system of
is still evident. Similarly to profile P5, the profile P6, run- newly formed NE-SW striking and NW-dipping transversal
ning parallel to the strike of the Pyrenean orogen, shows daults (Tavani and Miioz, 2012), they formed the southern
repetition of the lower crust below the Cantabrian Mountainsboundary system of the E-W elongated Mesozoic Basque-
(corresponding to the high Vp velocity body). This repeatedCantabrian Basin (Rat, 1988; Mafaget al., 1994; Gaia-
body matches with the indenting lower crust of profile P3, Mondgjar et al., 1996) (Fig. 3c). During Cenozoic conver-
and its thickness along the profile P6 displays a strong corregence, the Ubierna-Ventaniella Fault System was reactivated
spondence with the topographic elevation, indicating that up-as a right-lateral element (Hexiz, 1994; De Vicente et al.,
lift of the Cantabrian Mountains was mostly determined by 2011; Tavani et al., 2011a) while, in the study area, the
thickening of the lower crust. All these features indicate thatSierra de Cantabria Fault System acted as a reverse to left-
the Cenozoic uplift of the western sector of the Pyrenean orofateral transpressive element (Serrano et al., 1994; Tavani et
gen related to indentation tectonics (e.g. Gallastegui, 2000al., 2011a; Beroiz and Permanyer, 2011; Qaianhd Tavani,
Pedreira et al., 2007), which can be thus extrapolated furthe012).
to the west of profile P5, that caused coeval north-directed A complex stratigraphic architecture characterises the
subduction of Iberian lithosphere and scraping of the Iberianstudy area, relating to its complex and polyphasic tectonic
crust above a north verging sole-thrust (Qaiaind Tavani, history. In a first approximation, two stratigraphic domains
2012). can been individuated (Fig. 4): (1) the Basque-Cantabrian
Basin, which includes thousands of metres of Mesozoic sed-
2.2 The Cantabrian Transitional Area and surrounding iments, and (2) the Asturias-Duero-Ebro domain that, with
regions the exception of the Oviedo Basin, includes only a thin pack-
age of Mesozoic sediments (Alonso et al., 1996; Espina et
This is the area where the transition between the Pyreneaal., 2004). In the Basque-Cantabrian Basin, siliciclastic rocks
and Cantabrian domains occurs. Early studies in the areaf the Permo-Triassic Buntsandstein facies unconformably
pointed out the existence of a complex pattern of Cenozoimverlie the Paleozoic basement, and were deposited dur-
dip-slip and strike-slip movements (Fig. 3) (e.g. HEBm  ing the first, Early Triassic, rifting. These rocks are over-
1994; Serrano et al., 1994; Espina et al., 1996a). Howeverain by Triassic dolostones and carbonates of the Muschel-
until recent years these have been mostly considered as lockhlk facies, and by evaporites and clays of the Keuper fa-
complications, and the orogenic architecture of the south-cies (Lanaja, 1987; Gaia-Moncejar et al., 1996; Espina,
ern Pyrenees has been proposed also in the Cantabrian d&997). Upper Triassic to Middle Jurassic rocks include lime-
main and in the Cantabrian Transitional Area. In particular, stones, dolostones, evaporites and marls (e.g. Quesada et al.,
a north-dipping low-angle thrust accommodating for about1993). Conglomerates, sandstones and clays were deposited
20 km of shortening has been inferred to be present belowduring the main Late Jurassic to Early Cretaceous rifting
the Cantabrian Mountains (Alonso et al., 1996). Such an in{Lanaja, 1987; Pujalte et al., 1996). Upper Cretaceous lime-
terpretation, however, has been recently questioned by Tastones and marls unconformably overlie Lower Cretaceous
vani et al. (2011a), who pointed out that microseismicity of rocks. The Cenozoic sediments mostly include Paleocene to
the Ventaniella Fault (bpez-Ferandez et al., 2004), which Miocene conglomerates and sandstones (&ierHuerta and
should be displaced at least of 5 km by this supposed thrustSole Pont, 2000). With the exception of the Asturian Basin,
provides the image of a roughly integer fault zone, down tothe Duero-Ebro-Asturian domain is characterised by a thin-
at least 16 km of depth. This being incompatible with the ex-ner (even absent) Mesozoic package (Lanaja, 1987; Floquet,
istence of an important north-dipping low-angle thrust below 2004), and Cenozoic sediments of this domain frequently di-
the Cantabrian Mountains. rectly overlie the Paleozoic basement (Lanaja, 1987).
In the study area (Fig. 3a, b), the Cenozoic contractional
deformation overprinted inherited Paleozoic and Mesozoic
structures, making the Cantabrian Transitional Area an3 Orogenic sub-domains
outstanding example of inversion tectonics, with almost
all the major fault systems having a pre-orogenic origin From a structural point of view, six orogenic sub-domains
(Fig. 3c, d) (Garm-Mondgjar et al., 1986; Lepvrier and can be individuated in the area (Fig. 5), whose structural
Martinez-Garta, 1990; Malagn et al., 1994; Pulgar et al., features are described in the following sections, where well
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data, seismic cross sections and macrostructural informatio8.1 The foreland basins

will be integrated with both published and newly presented

mesostructural data. The aim is to present a large, comprdn the study area, the Duero and Ebro foreland basins flank
hensive, and trustworthy set of information at different scalesto the south the Pyrenean orogen. Middle Eocene to Miocene
of observation, and about the different tectonic stages, whictsyn-orogenic sediments fill both basins (e.g. Alonso et al.,
geometrically and kinematically supports the large-scale tec1996; Santisteban et al., 1996; Rtz-Jimenez and Casas-
tonic interpretation provided in the discussion. There, it is Sainz, 1997) and overlie the pre-orogenic substratum, which
proposed that the central and eastern Cantabrian belt repgacludes a variable thickness of Triassic to Paleocene sed-
resent a formerly unique thick-skinned belt, where Ceno-iments (frequently less than few hundreds of metres), and
zoic shortening direction was oriented about NNW-SSE. Asthe underlying Paleozoic basement (Lanaja, 1987). Despite
such, the proto Cantabrian belt flanked to the north a forelandf their similar stratigraphic architecture, the two basins dis-
basin, which included the Duero Basin and flataforma  play important structural differences (Fig. 6).
Burgalesadomain, and differentiated from the thin-skinned ~ The Sierra de Cantabria Thrust Sheet delimits to the north
Basque Pyrenean belt to the east, which developed due t#e Ebro Foreland Basin (Sections 1 to 3 of Fig. 6). The de-
an about N-S oriented compression. In both belts, the Cenotachment level of this thin-skinned element is provided by
zoic deformation implied the reactivation of Mesozoic exten- Triassic evaporites of the Keuper facies. Along this weak
sional faults developed and/or reactivated during NNE-SSWevel, the thrust sheet overrode the slightly north-dipping lay-

oriented extension associated with the opening of the Bay ofrs of the foreland basin, being the amount of displacement in
Biscay. the central portion of this arched thrust at least 20 km (Riba

and Juardo, 1992; Martez-Torres, 1993; Mipz-Jimenez
and Casas-Sainz, 1997). In this area, the Ebro Basin displays
the typical geometry of a foreland basin, with pre-orogenic
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Fig. 4. Synthetic stratigraphy of the area.

layers shallowly dipping toward the north (i.e. toward the
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Fig. 5. Cenozoic orogenic sub-domains of the study area.

The Duero Foreland Basin displays a very different ge-
ometry (Sections 4 to 8 of Fig. 6). It consists of an E-W
trending regional synclinorium extending for about 100 km
from the Ubierna Fault System to the east, to the Galician
area to the west. In the northern limb layers are gently south-
dipping at both tips, while they become near vertical to over-
turned in the central portion. Roughly E-W striking thrusts
and back-thrusts affect this limb (e.g. Gallastegui, 2000), the
north-dipping Duero Frontal Thrust being the most important
thrust belonging to these reverse fault systems. Paleozoic to
Upper Cretaceous rocks in the hanging wall of the Duero
Frontal Thrust overrode the Cenozoic materials of the Duero
Basin. Cutoff lines of the Duero Front Thrust (Gallastegui,
2000) indicate a very limited displacement (in comparison
with the Sierra de Cantabria Thrust), whose average value is
less than 4 km (it locally reaches about 8 km). The depocen-
tre of the Duero Basin is located to the south of the Duero
Frontal Thrust, where the thickness of syn-orogenic materi-
als is less than 3 km. Toward the west, the substratum of the
foredeep rises up and, in the Galician Area, Paleozoic (even
Pre-Cambrian) rocks are widespread. However, few expo-
sures of Cenozoic sediments are present there, representing
the rest of the Duero Foreland Basin that in Late Eocene
to Miocene age included also this area (Martin-Galaz
and Heredia, 2011). Onset of foredeep sedimentation in the
Duero Basin is dated to Middle to Late Eocene (e.g. Alonso
et al., 1996; Santisteban et al., 1996; Martin-Gadaz and
Heredia, 2011), when deposits were supplied from an up-
lifted area located to the north of the Oviedo Basin, approxi-
mately in correspondence of the present-day shoreline. Con-
sistently, Late Eocene to Oligocene strata onlap to the south
(Sections 4 to 8 of Fig. 6), even in the northern limb of the
basin (Herrero et al., 2004).

3.2 ThePlataforma Burgalesadomain

belt), and syn-orogenic sediments thickening toward the he Plataf lesal - h |
same direction (their thickness exceeds 5km near the Sierrihe Plataforma Burgalesaiomain interrupts the structura

de Cantabria Thrust Sheet). The thickness of Mesozoic se
iments abruptly increases across the Sierra de Cantabrig”

0(;ontinuity between the Ebro and Duero basins. At a regional

ale, this domain is an ESE-dipping monocline bounded to

Thrust, indicating that this fault largely reworked the south- the south by the right-lateral Ubierna Fault System (Tavani et

ern margin of the Mesozoic Basque Cantabrian Basin.

www.solid-earth.net/3/265/2012/

al., 2011a) and to the north by the western termination of the
arc-shaped Sierra de Cantabria Thrust (Fig. 7). The Ubierna
Fault System includes the Ubierna Fault and the southeastern
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Fig. 6. Geological cross sections across the mountain front of the study area.

termination of the Ventaniella Fault (Fig. 7). As previously ent seismic facies belongs to the Triassic evaporites. Fur-
mentioned, these elements formed the southwestern boundher below, subhorizontal reflectors of the Permo-Triassic
ary of the E-W elongated Upper Jurassic to Lower Creta-Buntsandstein facies are imaged. As pointed out by Tavani
ceous Basque-Cantabrian Basin. The Mesozoic extensionadt al. (2011a), these geometries are diagnostic of an exten-
architecture of this fault system is well-imaged in seismic sional forced folding mechanism (e.g. Brown, 1980; Laub-
sections striking at a high angle to the Ubierna Fault, wherescher, 1982), where the Triassic evaporites ensured the de-
extensional growth geometries are recognisable (Fig. 8). Ircoupling between faulted Paleozoic rocks and folded Meso-
the hanging wall of the Ubierna Fault, the thickness of Upperzoic cover sequence. The thickness of the entire Mesozoic
Jurassic to Lower Cretaceous syn-rift sediments increases tsedimentary package reduces to few hundreds of metres in
ward NNE, passing from less than 1s (TWT) close to thethe area between the Ventaniella and Ubierna faults. Along
fault, to about 2 s away from it. In the vicinity of the fault, the central portion of the Ubierna Fault, rocks of similar age
almost flat-lying reflectors of the syn-rift sequence are char-are exposed in the hanging wall and in the footwall, as recog-
acterised by onlap relationships to the underlying Upper Tri-nisable despite the presence of several second-order folds
assic to Middle Jurassic pre-rift units, which dip toward NNE and faults in the southern block of the Ubierna Fault. This,
and attain a subhorizontal attitude only away from the fault.together with the well-preserved Mesozoic extensional ar-
Below these NNE-dipping pre-rift reflectors, the transpar- chitecture and with macro- and meso-structural data (Tavani
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Fig. 7. (A) Geological map of th€lataforma Burgalesalomain (modified from Tavani et al., 2011a), with traces of seismic lifsL.a-
belling of major faults.

et al., 2011a), highlights an almost exclusive strike-slip be-contractive growth strata. Similarly, the Rojas System, being
haviour during the Cenozoic inversion stage, with a very sub-the contractional horsetail termination of the Ubierna Fault
ordinated reverse component. Consistently with WNW-ESESystem (Fig. 7), displays all the attributes of an inverted ex-
directed right-lateral wrench tectonics, evidence of dip-sliptensional transversal fault. In fact, well data indicate the pres-
inversion is found along the three main transversal elementgnce of many hundreds of syn-rift sediments immediately to
striking at a high angle to the Ubierna Fault: the Ayoluengo,the west of this element, while to the east Cenozoic sedi-
Rojas and Hontoim transversal elements. This is particu- ments in many cases directly overlie the Paleozoic basement
larly evident across the HontdmTransversal Fault (Fig. 9), (Lanaja, 1987). The inversion of the three above-mentioned
where the thickness of the syn-rift sedimentary package reNW-dipping extensional transversal faults is also testified by
duces toward SE, indicating the presence of deeply rootedhe staircase geometry of tRéataforma Burgalesaomain,

NW dipping Mesozoic extensional faults. The same fault haswhich along a WNW-ESE direction is divided by these el-
been positively inverted during Cenozoic, as withessed byements in three sectors, where exposed rocks are (from the

the uplift of its hanging wall and by the presence of Cenozoic
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Line a 3.3 The Basque Pyrenees

SSW Y Ubierna Fault NNE

The southern leading structure of the Basque Pyrenees is
the Sierra de Cantabria Thrust Sheet (Fig. 11). Anticlines
and synclines in the hanging wall of the Sierra de Cantabria
Thrust have wavelengths ranging from 1 to 20km, and
the Triassic evaporites provide the deepecallement level
(Martinez-Torres, 1993). Both depth of detachment and folds
wavelength increase to the north, in correspondence with
the WNW-ESE striking Bilbao anticlinorium (Fig. 3), which
forms part of the transitional area between the south- and
north-verging Basque Pyrenees{@ez et al., 2002; Pedreira
et al., 2007;Abalos et al., 2008). The Sierra de Cantabria
Thrust Sheet has a northward concave shape, and both the
frontal anticline and the trailing synclinal system strike about
E-W in the central portion of the thrust sheet, while they pro-
gressively attain a NW-SE and WSE-ENE orientation to the
west and to the east, respectively. In detail, the thrust sheet
is divided into two sectors flanking to the north the Ebro
Basin and thePlataforma Burgalesalomain, respectively.
All available data, including a deep well (Well Cés-1 in
Fig. 11), indicate that the eastern portion of the Sierra de
Cantabria Thrust Sheet is a large-displacement thin-skinned
ramp-related anticline (Fig. 6, sections 1 to 3). Things be-
e come more pomplex to the'wes.t of th.e Pancorbo Transversal
i e ';‘. : "'tm'“'“'*"“.m Sy_st_em, which is an anticline including a nort_h_ern NW-SE
A i %«‘“ﬂ%nﬂ% i sz* s striking segment and a southern segment striking about N-
Lo i e WL S To the west of this transversal anticline, the hanging wall
e ) e _ . . , ging
j Sl 'e 2 s of the Sierra de Cantabria Thrust includes several second-
it N e S st ; order folds paralleling the trend of the thrust sheet (which
mleuper ot Mm‘ G further to the west attains a NW-SE strike) and also a more
'.('3.”) "fﬂ e /o external and open anticline, namely the Villalta anticline of
the Plataforma Burgalesadomain. The wavelength of the
Fig. 8. (A) N-S striking seismic line a, with line-drawin@) and main anticline (i.e. the @a anticline) increases with respect
detail illustrating the relationships between cover, evaporites ando the eastern sectors, and available deep wells indicate the
basemen(C). Hereafter C is Cenozoic; UC is Upper Cretaceous; ghsence of Cenozoic materials below both the western por-
UJ-LC is syn-rift Upper Jurassic to Lower Cretaceous; UT-MJ is tion of Sierra de Cantabria Thrust Sheet (Navajo-1 Well)
Erggf;;%:rr]tﬂlassm to Middle Jurassic; K is Keuper evaporites; and thePlataforma Burgalesalomain (Rojas NE 1 Well)
' (Lanaja, 1987). Another important difference between the
western and eastern sectors of the Sierra de Cantabria Thrust
east to the west) Cenozoic, Upper Cretaceous, and Jurasskheet concerns the amount of “admissible” displacements
to Cretaceous in age (Fig. 7b). along the frontal thrust. As previously mentioned, to the east
The thickness of Mesozoic sediments, which strongly re-0f the Pancorbo System the south-directed displacement ex-
duces to the SW of the Ubierna Fault, further reduces to theeeds 20km (Riba and Juardo, 1992; Meez-Torres, 1993;
south of the Ventaniella Fault. Seismic sections, located toVluioz-Jimenez and Casas-Sainz, 1997). Conversely, to the
the SW of the western termination of the Ubierna Fault, shownorth of thePlataforma Burgalesa@lomain, the displacement
that the South-dipping northern limb of the Duero Basin Con-aSSOCiated with the Sierra de Cantabria Thrust is reduced
tinues in this area. It is in fact well-recognisable, despiteto less than few km. This is testified by the following evi-
the slight deformation produced by the Ventaniella Faultdence: (1) the thrust fault progressively disappears westward
(F|g 10), that this area has a neg"gib|e, and frequenﬂy Oppo.Of the Cha antiCIine; (2) the Navajo-l well did not encounter
site, apparent vertical displacement. Toward SE the revers@ny important repetition of the multilayer, and found Pa-
component of the Ventaniella Fault slightly increases, and}eozoic rocks below a thick package of Triassic evaporites

contextually, opposite vergences are often observed (Fig. 10{Lanaja, 1987); (3) the trace of the E-W striking Huidobro
anticline, which is located immediately to the south-west of

the Sierra de Cantabria Thrust, is recognisable in the western
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Fig. 9. WNW-ESE striking seismic lines (A) and c(B), with corresponding line-drawing.

termination of the ®a anticline (see figure 3 in Quanand  event (Fig. 12c), which caused the right-lateral reactivation
Tavani, 2012), geometrically imposing a limited amount of of inherited WNW-ESE striking structures, and the develop-
displacement (i.e. about a couple of km). This sets problemsnent of WSW-ENE striking folds, being the Huidobro an-
for the interpretation of the Sierra de Cantabria Thrust as reticline of the Plataforma Burgalesalomain the major one.
sulting from the inversion of a single extensional fault, as it Reverse reactivation of WNW-ESE striking faults forming
would imply a drastic and sharp lateral decreasing of southpart of the Sierra de Cantabria Thrust Sheet occurred during
directed displacement. A consistent solution for this problema later stage, characterised by an about N-S oriented com-
will be presented in the discussion. pression. The two domains to the north and to the south of
The development of roughly E-W striking anticlines and the Sierra de Cantabria Fault differentiated in a later defor-
synclines is one of the later stages of the Cenozoic deformation stage. To the north of the Sierra de Cantabria Thrust,
mational sequence recorded in the area. Comparison bexn E-W to WSW-ENE oriented compression occurred during
tween mesostructures hosted in Upper Cretaceous rocks dhis final deformation stage (Fig. 12d), causing left-lateral
the Plataforma Burgalesalomain and of the southern limb reactivation of WNW-ESE striking elements, including the
of the Villarcayo syncline (Quiidt and Tavani, 2012) has western termination of the Sierra de Cantabria Fault, and de-
revealed a common complex history that is summarised invelopment of N-S striking compressive structures.
Fig. 12. According to data presented in Qairdand Ta-
vani (2012), in both areas, the oldest deformational pat-3-4 The eastern Cantabrian belt
tern, which affects all the Upper Cretaceous sequence, is .
represented by Cenozoic extensional structures developel® transition between the Basque Pyrenees and the east-
during thermal subsidence of the Basque-Cantabrian Basifi'" Cantabrian belt occurs across the Cenozoic Valmaseda
(Fig. 12a). This event was postdated by two early-orogenidnonocline, which is a 60 km-long WSW-ENE striking and
extensional stages, associated with outer-arc extension in theoE-diPping monocline (Figs. 3 and 11). To the NW of
peripheral bulge and along-foredeep stretching, respectively'”s monocllng, in the eastem antabrlan belt, exposed rocks
(Fig. 12b). In both areas, and for both events, mesostrucmostly range in age from Triassic to Early Cretaceous. The

tural data indicate a WSW-ENE elongated foredeep thudmnacro- and mesostructural Mesozoic extensional architec-
forming an angle of about 20° with the present-day trend ofture is outstandingly preserved in the northern portion of the

both Duero and Ebro foredeeps. These stages were in turirea, while Cenozoic deformation appears to be less devel-
followed by a NNW-SSE oriented layer-parallel shortening ©P€d-
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Fig. 11.Geological map of the southern portion of the Basque Pyrenees.
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ements (Tavani and Mioz, 2012), which have been pos-
itively inverted during the Cenozoic. Data reported in Ta-
vani and Muioz (2012) indicate that mesostructures hosted
in Upper Triassic to Lower Cretaceous sediments exposed
along the Cabérniga Fault System are mostly arranged in
a rather simple extensional pattern. This pattern includes
joints and extensional faults striking aboufMand 100 N

and a subordinated NNW-SSE-striking extensional fault set
(Fig. 13b). The same authors have reported that, in the east-
ern portion of the Calrniga Fault, this extensional assem-
blage is postdated by NW-SE-striking veins frequently de-
scribing an echelon pattern, consistent with a Cenozoic E-

=
' W oriented right-lateral movement (Fig. 13c). In this work
o are reported similar strike-slip related features, which have
Gﬁ been found along the central and western segments of the
)/“’ 4? @ : fault, further documenting the right-lateral transpressive re-

OJAO

Thermal subsidence

Quter arc extension
in the peripheral bulge

activation of the Cabgrniga Fault. In particular, in its cen-
tral portion, the Cabérniga Fault has Devonian rocks and
Jurassic marls in the northern and southern block, respec-
tively. Locally, the contact is provided by a steeply north-
% dipping plane (Fig. 13d), with associated right-lateral trans-

Along-foredeep
stretching

L

530 pressive to purely strike-slip slickenlines (Fig. 13e). Consis-
@ tently with this, the damage zone of the northern block (i.e.

\ M% @ the Devonian block) hosts abundant right-lateral mesofaults,
x . including both synthetic faults striking WNW-ESE and E-W
k‘\ ' striking faults paralleling the master fault (Fig. 13f). Further
et

to the west, south-dipping Upper Triassic to Lower Juras-
sic limestones in the southern block of the Catmiga Fault
host tilted reverse (Fig. 14a) and right-lateral (Fig. 14b) as-
semblages, the latter postdating an early extensional assem-
blage including two perpendicular joint sets oriented at high
C) ! angle to bedding and striking, after unfolding, NNE-SSW
and WNW-ESE, respectively (Fig. 14b), i.e. parallel and
perpendicular to the Mesozoic extension direction inferred
by Tavani and Méioz (2012). E-W to WNW-ESE striking
right-lateral faults, together with NNW-SSE oriented move-
ments observed along tilted reverse faults, are consistent with
a right-lateral transpressive kinematics of the E-W striking
Cabierniga Fault System, which overprinted the Mesozoic
extensional stage. Although the above-described elements
testify for a strike-slip reactivation of the Catmniga Fault,
Fig. 12. Fracture patterns, stress fields and associated tectonitt Must be remgrked once again that_ the mesostructural pat-
events recognised in the Upper Cretaceous limestones of th&ern observed in the rocks surrounding this element mostly

Plataforma Burgales@lomain and of the Villarcayo syncline, after developed during the Mesozoic extensional stages.
Quinta and Tavani (2012). See text for details. Immediately to the south of the eastern termination of

Cabwerniga Fault, the WSW-ENE striking Selaya Fault Sys-
tem developed in Late Jurassic to Early Cretaceous times
In the northern part of this sub-domain, the major feature is(Fig. 15a). Mesostructural data collected in Jurassic and
the E-W striking and south-dipping Cadmniga Fault (Figs. 3  Lower Cretaceous pre- to syn-rift sediments exposed along
and 13a). This is probably a Paleozoic fault, reactivated as athe northeastern termination of the Selaya Fault System are
extensional element during both Triassic and Upper Juraspresented below. Mesostructures observed in the area in-
sic to Lower Cretaceous rifting events (Garcia-Mondejar etclude only joints and extensional faults. The former strike
al., 1986), and later inverted during Pyrenean orogeny. TheNE-SW, NW-SE and NNE-SSW (Fig. 15b). The first two
Pas and Ramales anticlines strike about N-S, and represesets are mutually orthogonal, and frequently occur together
inherited Upper Jurassic to Lower Cretaceous transversal effig. 15c), describing either ladder (with the NE-SW set

7
¥
Ve
R

Along-belt compression
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Fig. 13. (A) Geological map of the Cabuniga Fault areaB) Schematic map view of mesostructural patterns recognised in the area by
Tavani and Miioz (2012)(C) Details of NW-SE striking en echelon veins, consistent with an E-W oriented right-lateral m@ioRhoto

of the tectonic contact between Devonian rocks and Jurassic marls along the central portion of éneiGaBault, with detail of right-lateral
slickenlineg(E) and stereoplot of mesofaults in the northern damage zone of théfwilt

being the systematic joint set) or grid patterns (e.g. Gross, To the SW, the Rumaceo and Golobar faults affect Pa-
1993; Rives et al., 1994). Faults are characterised by théeozoic and Mesozoic rocks. This area represents the tran-
same directions as joints. Few slickenlines have been obsition between theéPlataforma Burgalesadomain and the
served, showing an important left-lateral transtensive compo€Cantabrian belt. Progressively older rocks are exposed to
nent along NE-SW striking faults, which provides a stretch- the west (Fig. 16), which allows for the map view of cross-
ing direction oriented perpendicular to the NNE-SSW strik- sectional geometries representing the deeper portion of the
ing joints and faults. Overprinting relationships, and the pres-Plataforma Burgalesa@lomain. As previously mentioned, the
ence of NE-SW and NW-SE striking joints, indicate that NE- WNW-ESE striking Rumaceo and Golobar faults are Trias-
SW striking faults developed within an extensional frame- sic in age (even older); they have been reactivated during the
work and were later reactivated with a left-lateral transten-Late Jurassic to Early Cretaceous rifting (Espina et al., 2004;
sional kinematics (Fig. 15d) during a WNW-ESE oriented Tavani and Miioz, 2012) and, later, during the Cenozoic
stretching. It is worth remarking that this second stretch-inversion stage (Espina et al., 2004; Tavani et al., 2011a).
ing direction is oriented about perpendicular to the regionalMesozoic rocks are exposed to the east, overlying Triassic
stretching direction associated with the Late Jurassic to Earlyvaporites of the Keuper facies. Below these, the Muschel-
Cretaceous rifting (Tavani and Moz, 2012). kalk and the Buntsandstein facies are on top of Paleozoic
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Data number= 14
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o Right-lateral slickenlines

Data number= 16
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After bedding dip removal

O Pole to Bedding
Pole to Joint
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Fig. 14. Mesostructures and corresponding stereoplots of two outcrops in the southern block of tieen@abEault near its western
termination.(A) Tilted reverse faults(B) Tilted right-lateral fault system postdating an earlier extensional system formed by two sets of
mutually perpendicular joints.

rocks, which are exposed to the west. A strong decouplingpoenetrate into the Mesozoic cover sequence, but with rela-
exists between Paleozoic rocks and the post-evaporite potively limited displacements (i.e. less than few hundreds of
tion of the multilayer, with evaporite migration testified by metres). The fact that faults preserve their integrity across
salt weld and salt accumulation in synclinal areas. Faultghe evaporites indicates that, in this area, these did not act
mostly affect the basement, while the Upper Triassic to Mid-as a regionally importantétollement level. As reported in
dle Jurassic sequence is only poorly faulted, and drapes th@vani and Miioz (2012), in this area the Upper Jurassic to
evaporite layer. Cenozoic inversion of the major basement.ower Cretaceous extensional stage was characterised by the
faults has occurred within a right-lateral transpressive frame-same stretching direction as found in the Gaimiga Fault
work (Tavani et al., 2011a), and led to the development ofarea, i.e. about 15/2W, which led to the slightly oblique re-
anticlines and synclines formed due to the buttressing effecactivation of both Rumaceo and Golobar faults. Extensional
of the extensional faults coring these anticlines. Many faultsmesostructures developed during this stage include joints and
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Il Malm to Lower Cretaceous
[ Upper Triassic to Dogger
[ Keuper

Il Paleozoic to lower Triassic

B Poles to joints  Poles to faults Normal faults Right Lateral faults  Left lateral faults

Present orientation

After bedding dip removal

Fig. 15. (A) Geological map of the Selaya Fault Syst€B) Mesostructural data collected along the northeastern termination of the fault
system.(C) Bedding-perpendicular orthogonal joint s€®) Detail of a SW-NE striking almost dip-slip extensional fault (white arrows)
later reactivated as a left-lateral transtensive element (black arrows).

extensional faults, which are clustered in several sets, thare widespread. These are represented by Middle to Late
three most important being oriented parallel and perpendicuCarboniferous syn to post-orogenic deposits, unconformably
lar to the stretching direction, and about NE-SW (Tavani andoverlying pre-Cambrian to Lower Carboniferous rocks
Mufioz, 2012). WSW-ENE striking pressure solution cleav- (Julivert, 1971; Brez-Estan et al., 1991; Dallmeyer et
ages and NNE-SSW striking joints and veins pervasively af-al., 1997). Hercynian and Late Hercynian faults are well-
fect Jurassic limestones in the northern block of the Rumacegreserved, and were reactivated during both Mesozoic rift-
Fault, and have been related to the right lateral reactivation ofng and Cenozoic convergence stages (eggeBREstan et

this fault (Tavani et al., 2011a). al., 1988; Lepvrier and Mairiez-Garea, 1990; Pulgar et al.,
1999; Alonso et al., 1996; G@tirez-Alonso et al., 2008).
3.5 The central Cantabrian belt With the exception of the Cenozoic Duero Frontal Thrust,

the major structures of the area, including the Ventaniella and

In the central portion of the Cantabrian Mountain Range,éeor] fa[f;%ohaXIG a Palt::ozlmczggg (L_?EV”EI(A?;‘?E M:ar_zlt(—_
Paleozoic rocks deformed during the Hercynian orogeny araa, » AloNso €t al., ). The -k striking
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et al., 2012). As previously pointed out by Heredia (1998),
which described a pervasive right-lateral pattern in the area,
timing of right-lateral tectonics in the southern portion of the
Cantabrian Mountains (i.e. between the Duero Frontal Thrust
and the Leon Fault) cannot be fully constrained. However,
the well-constrained Cenozoic age of right-lateral move-
ments, along the Ventaniella Fault to the north and along
the Ubierna Fault to the east, and fracture patterns seen on
Cenozoic sediments of the Duero Basin (Fig. 18b) indicate
a Cenozoic age for part of the right-lateral strike-slip assem-
blages of the area.

Upper Jurassicto * 4 DiSCUSSion
Lowerpr‘etacequs .
Upper Triaisic .
to Middle Jurassi9 o .

Keuper

4.1 The Cenozoic orogeny

Buntsandstein

JERO00

In the following subsections, it will be illustrated how pre-
sented data support the conclusions that (1) the central and
eastern Cantabrian areas formed a single belt, differentiating
from the Pyrenean realm, where mountain building was asso-
ciated with lower crust indentation. Such a proto Cantabrian
belt was flanked to the south by a proto Duero Foreland Basin
that included thélataforma Burgalesaomain. (2) Both the

Fig. 16.Geological map of the Golobar and Rumaceo faults area. Cantabrian belt and its associated foredeep-forebulge system
nucleated to the north of their present-day position, migrated
southward, and were later disarticulated by the right-lateral

) ) ) _ reactivation of the Ubierna and Ventaniella faults. (3) Con-
Ventaniella Fault crosses the entire Cantabrian Mou”ta'qextually with the onset of right-lateral wrench tectonics,

Range, and its trace is exposed for more that 150 km. It cOnyin_skinned thrusts of the Pyrenean belt propagated west-
tinues to the NW, in t.he Bay of B|'scay., an'd t‘? the SE’, In theWard, and progressively incorporated the north-eastern area
Duero Foreland Basin (as seen in seismic lines of Fig. 10)pt the proto Duero Foreland Basin. (4) Coeval right-lateral
reaching a length of at least 250 km. Hercynian markers inggjye_sip tectonics to the west and thin-skinned tectonics to
the central portion of the fault are displaced of about 4 km iny,e east determined an intrabelt lateral extrusion, which led
a right-lateral sense (GdezRamos et al., 1982; Heredia et 4 the fysjon of the two belts into a single orogen. (5) Strike-
al., 1990; Alvarez-Man, 1995). The Cenozoic age of right- is yyrench tectonics in the Cantabrian belt is part of a wider
lateral movements along this fault is well-constrained, and 'tintraplate deformation, which developed to accommodate a

is indicated by displaced Cenozoic sediments of the Asturiarny,,ce problem arising from the distinct orogenic shortening
Basin. The Cenozoic activity of the Leon Faultis, on the con- iractions in the Pyrenean and Cantabrian domains.

trary, less constrained. In this sense, however, meso- (Fig. 17)

and macrostructures (Fig. 18a) in the area between the Duer®.1.1  The proto Cantabrian belt

Frontal Thrust and the Leon Fault indicate the existence of

an important right-lateral pattern, of which the Leon Fault As illustrated in Fig. 2, indenting of the lower crust is well-
forms part (Fig. 18a, c). This is well-evident when analysing recognisable beneath the central and eastern Cantabrian belt
data collected in both Middle to Late Carboniferous syn to (Pedreira et al., 2007) and, in both areas, the thickness of the
post-orogenic deposits and pre-Hercynian rocks (Fig. 17)indenting lower crustal body displays a first-order propor-
Mesostructures in the area, in fact, are characterised by abutionality with the topographic elevation. This forms part of
dant right-lateral faults. Two extensional patterns are alsca wider set of evidence indicating that the central and east-
recognisable in syn to late orogenic sediments, with WNW-ern Cantabrian areas developed as a unique belt (differen-
ESE and NNW-SSE striking joints and rotaxes (i.e. rotationaltiating from the Pyrenean realm located to the east), where
axis or slip-normal axis) of normal faults testifying for two Cenozoic mountain building was associated with lower crust
extensional stages characterised by NNE-SSW and WSWindentation. This idea is fully supported by the following
ENE oriented stretching directions, respectively. It was notadditional evidence, pointing out the limited internal defor-
possible to determine the relative chronology between thesenation of both domains and their similar cross-sectional ge-
extensional events, whereas abundant right-lateral reactivaametry: (1) in both areas, the first-order pre-orogenic archi-
tion of WNW-ESE extensional elements is observed (Carolatecture is well-preserved, both in terms of major structures

Paleozoic
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Fig. 17.Mesostructural data collected in Paleozoic rock of the Cantabrian belt.

and of diffuse background fracture patterns. In fact, Ceno-the Plataforma Burgalesalomain. Mesostructures indicate
zoic mesostructures have been found only near major readhat these two areas underwent a common early-orogenic de-
tivated faults. Moreover, at a bigger scale of observation,formation (Fig. 12) (Quird and Tavani, 2012). There, ex-
the contractional deformation has produced the reactivatioriensional structures that developed due to outer-arc exten-
of major faults and, as seen in the Rumaceo and Golosion in the peripheral bulge were overprinted by deforma-
bar areas, it has produced also folding and/or re-folding oftion structures formed due to along-strike stretching in the
layers. However, with the exception of the Ubierna, Ven- foredeep. For both areas, and for both events, mesostructures
taniella, Leon, and Duero faults, the amount of admissibleindicate a forebulge-foredeep system oriented WSW-ENE,
Cenozoic displacement along inherited faults generally does.e. exactly parallel to the strike of the Valmaseda mono-
not exceed 1km. (2) In both areas, an uplifted sector over<line. Above-presented evidence supports the existence, be-
lying the thickened indenting lower crust exists, which is fore the right-lateral reactivation of the Ubierna-Ventaniella
bounded to the south by a south-dipping limb. In the cen-Fault System, of a unique proto Cantabrian belt flanking to
tral Cantabrian belt it is the northern limb of the Duero the north a proto-Duero Foreland Basin, which included the
Basin, which in map view has a slightly northward concave Plataforma Burgalesadomain and the Villarcayo syncline
shape and is well-recognisable until it joins the Ubierna Faultareas (Fig. 19).

(seismic lines d to f in Fig. 10). The Valmaseda monaocline,

bounding to the south the eastern Cantabrian belt, represens1.2  From the proto Cantabrian belt to the present-day

the natural northeastern prosecution of the northern limb of Cantabrian belt

the Duero Basin. Between these two sectors of a formerly

unique limb, the area between the Ubierna and Rumaceqhe presence of the above-discussed early-orogenic
faults represents a “perturbation zone”, whose origin is dis-forebulge-related extensional assemblages several km to
cussed later. An independent additional datum supporting théne north of the present-day position of the forebulge indi-
existence of an early northward concave proto-Cantabriarzates that a southward migration of the latter has occurred
belt is provided by mesostructures hosted in Upper Creta(Fig. 19). This is consistent with the stratigraphic record of
ceous limestones exposed in the Villarcayo syncline and inhe puero Basin, which started to act as foredeep at least
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Ubierna-Ventaniella Fault System, and the development of
WSW-ENE striking compressional structures, including the
Huidobro anticline of thePlataforma Burgalesadomain.
Apatite fission track thermochronology in the western
termination of the Cantabrian Mountains mostly provides
pre-Cenozoic ages (Grobe et al., 2010), indicating that the
Cenozoic uplift was there accompanied by a limited denuda-
tion. Conversely, preliminary data from the central portion of
the Cantabrian Mountains register the Cenozoic exhumation,
which mostly occurred in Oligocene—Early Miocene age
(Fillon et al., 2011). Growth strata associated with folds
in the Ubierna Fault System are Oligocene too (Espina
et al., 1996b). This allows to assume that early-orogenic
extensional assemblages developed before Oligocene, while
layer parallel shortening and right-lateral wrench tectonics,
which were suitably coeval with the uplift of the Cantabrian
Mountains, did not start earlier than Early Oligocene. A
Late Oligocene age is indicated for the central portion of
the Sierra de Cantabria Thrust (Portero et al., 197 Xidau
Jimenez and Casas-Sainz, 1997), while the same thrust is
Early to Middle Miocene in age in its western portion (@liv
Daw et al., 1978), where growth strata associated with the
Ofa anticline host tilted conjugate reverse faults indicating
a roughly N-S oriented syn-folding compression (Tavani et
al., 2011a). Few km to the north of this anticline, Qaiand
Tavani (2012) documented the dip-slip reverse reactivation
of WNW-ESE striking inherited faults, which previously
Fig. 18. (A) Schematic geological map in the area to the south of Nave reactivated as right-lateral elements. This information
the Leon Fault(B) Orthophoto and line-drawing of an area of the proves that until Middle Miocene thelataforma Burgalesa
Duero Basin (see Fig. 18 for location) where subhorizontal Ceno-domain and the Villarcayo syncline formed a unique crustal
zoic layers are exposed. NNW-SSE and WSW-ENE striking frac-block, belonging to the foreland basin of the Cantabrian
ture traces may correspond to early-orogenic extensional assengiomain, where right-lateral tectonics occurred along WNW-
blages, which have been documented to the east by ®aft Ta-  ESE striking inherited faults (Fig. 19). Breaking of the
vani (20.12). These are pos.tda.ted by an abqut E-W _St“k'”‘.fl faqlt’Cantabrian belt and of its associated proto-Duero Foreland
whose right-lateral kllnematlcs is we!l-constralqed by its antithetic Basin occurred during this stage (Fig. 19). ESE-directed
left-lateral fault.(C) Right-lateral calcite slickenlines along a — the . .

Leon Fault System. moveme;pts in the qorthern bloc_k of the_ Ublgrna Fault caused
the positive inversion of NW-dipping inherited transversal
extensional structures of tHélataforma Burgalesalomain
(namely Ayoluengo, Hontoim and Rojas transversal faults),

during Middle to Late Eocene (Alonso et al., 1996; Santiste-which resulted in the uplift of this domain. With increasing

ban et al., 1996; Gallastegui, 2000) and where a progressiveontraction, the Sierra de Cantabria Thrust Sheet moved
southward migration of Cenozoic depocentres has beesouthward (considering a fixed foreland) and, contextually,
documented (Herrero et al., 2004). These data support thpropagated westward incorporating the formerly eastern

hypothesis of Gallastegui (2000), who indicated that inden-sector of the Proto-Duero Foreland Basin (Fig. 19).

tation of the lower crust started about 100 km to the north of

the present-day position of the Duero Frontal Thrust. Inlight4.1.3 The westward propagation of the Pyrenean belt

of above-presented evidence, the about 90 km of shortening

proposed by Gallastegui (2002) for the Cantabrian portionAs mentioned in the corresponding section, the interpreta-

of the orogen appears to be strongly congruent. Consistentlyion of the Sierra de Cantabria Thrust Sheet as resulting

with the foreland-ward migration of both early-orogenic from the reactivation of a single extensional fault system is
deformation domains and foredeep depocentres, in the studgoorly consistent with the observed sharp lateral decreas-
area early-orogenic extensional stages were followed by dng of its displacement. A consistent interpretation, recon-

NNW-SSE oriented layer parallel shortening event (Quint ciling all the available data in that area, is presented in the

and Tavani, 2012), which caused the right-lateral reactivaright column of Fig. 19, and implies that this thrust sheet

tion of inherited WNW-ESE striking faults, including the resulted from the joining of two inversion-related anticlinal
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Fig. 19. Schematic Cenozoic evolution of the area (left), with detail of the Sierra de Cantabria Thrust Sheet (right).

systems, which developed due to the positive inversion ofas immediately to the south of the inverted fault the Trias-
distinct and formerly distant WNW-ESE striking Mesozoic sic evaporites were not present. Conversely, to the east the
extensional fault systems. These extensional faults controlletimit of Keuper evaporites was located in a southernmost po-
the distribution of the ductile Triassic evaporitic level that, in sition (i.e. the Ubierna Fault area). Shortening in this west-
turn, controlled the style of deformation during the inversion ern area was mostly accommodated callement fold-
stage. In the proposed interpretation, the eastern portion ofhg (e.g. Chamberlin, 1910; Buxtorf, 1916; Jamison, 1987),
the thrust sheet resulted from ramp-related folding (Suppewhich allowed for the development of a higher number of an-
1983; Suppe and Medwedeff, 1990; Tavani and Storti, 2006)ticlines distributed along a wider cross-sectional zone, which
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is a typical behaviour in presence of a ductilecdllement  striking left-lateral transpressive fault zone in the core of the
level (e.g. Lujan et al., 2003). The Pancorbo Transversal SysOfa anticline (Tavani et al., 2011a) fully support the exis-
tem, which divides the two areas of the Sierra de Cantabrigence of this E-W compression, as well as do the N-S strik-
Thrust Sheet, is here interpreted as an accommodation struég Pas and Ramales anticlines, which according to Tavani
ture resulting from the reactivation of an inherited transver-et al. (2011a) formed within the framework of the extrusion
sal extensional element, which laterally delimited the Keu-tectonics. Reverse mesofaults hosted in the Early to Middle
per facies during Mesozoic. The proposed interpretation im-Miocene growth strata of thef@ anticline indicate that ex-
plies a smoothed westward decreasing of the cumulative distrusion tectonics did not start earlier than Middle Miocene.
placement, which to the west was accommodated by multiProving the validity of the entire framework requires docu-
ple structures. Coherently with this, it must be assumed thatmenting right-lateral movements along the E-W Gaimiga
the Sierra de Cantabria Thrust is a late-stage thrust fault, reFault, which should have formed the northern portion of the
sulting from the linkage of formerly distant fault systems. It accommodation zone. In this work, this evidence has been
is worth highlighting that the Keuper evaporites are exposedoresented. Summarising, the entire Cantabrian Transitional
several km to the north of tHelataforma Burgalesaomain,  Area is a complex accommodation zone, across which the
near the Caberniga Fault. The trace of this E-W striking south-verging portion of the Pyrenean orogen experienced a
fault is not offset across evaporites, noting how, similarly to strong decreasing of south-directed orogenic shortening. In
what was observed in the Rumaceo and Golobar area, in thisuch a framework, a belt-perpendicular tear fault or tear fault
portion of the belt the Triassic evaporites did not act as an im-zone is to be expected, which actually is present in the north-
portant Cenozoic &collement level. From this, it arises that verging portion of the orogen (Figs. 1a, 2). Conversely, in the
the N-S oriented shortening accommodated by folds of theCantabrian Transitional Area, the Cenozoic tectonic frame-
western portion of the Sierra de Cantabria Thrust Sheet muswork was moulded by several inherited fault sets, which pre-
have been transmitted to the north to a dee@mollement  vented the development of a unique and simple right-lateral
level. Consequently, the Valmaseda monocline is probablytear system.
affected at depth by few reverse north-dipping faults, similar
to those of the northern limb of the Duero Foreland Basin. 4.1.5 Right-lateral wrench tectonics and intraplate
deformation

4.1.4 Extrusion tectonics and the joining of the

Cantabrian and Pyrenean belts Data presented in this work indicate that important right-

lateral wrench tectonics occurred also in the southern por-

The coexistence of right-lateral movements along thetion of the central Cantabrian belt, along the Ventaniella
WNW-ESE striking Ubierna-Ventaniella Fault System and Fault and in the area between the Leon Fault and Duero
of reverse south-directed movements along the Sierra dé&rontal Thrust. This supports the early hypothesis of Tavani
Cantabria Thrust imposed “space” problems for crustal secet al. (2011a), who suggested that the 15 km of right-lateral
tors involved in the orogenic process, causing the onset oflisplacement computed along the Ubierna Fault to the west
an intrabelt E-W oriented compression (Fig. 19) (Tavani ethave been transferred to the above-cited three major struc-
al., 2011a). The question is rather simple and arises from théures. However, while the amount of right-lateral displace-
following geometrical consideration: assuming a fixed fore- ment along the central portion of the Ventaniella Fault (i.e.
land, SE- to SSE-directed movements in the crustal block tabout 4 km, Alvarez-Mafn, 1995) is consistent with this
the north of the Ubierna Fault can be decomposed into southscenario, assuming a cumulative Cenozoic right-lateral dis-
and east-directed components. The south-directed compglacement of about 10 km for the Leon Fault and the Duero
nent can be reasonably assumed to have been partially confrrontal Thrust is not reasonable. This implies that a west-
pensated by the south-directed movements along the wesward decreasing of the right-lateral displacement must be
ern portion of the Sierra de Cantabria Trust Sheet (which exassumed. Contextually, in the western termination of the
plains also the reduced amount of shortening in the fold sysCantabrian Mountain Range, the number of strike-slip struc-
tems of the western potion of the Sierra de Cantabria Thrustures consistent with an about NNW-SSE oriented shortening
Sheet). Conversely, the east-directed component was nahcreases. NW-SE to WNW-ESE striking right-lateral faults
compensated, thus imposed an E-W shortening associateahd N-S to NNE-SSW striking left-lateral faults, in fact, are
with a relative (with respect to the Basque Pyrenees) eastabundant in the western portion of the Iberian Peninsula,
ward extrusion of the western portion of the Cantabrian beltwhich is also characterised by the presence of other intraplate
and of thePlataforma Burgalesaomain. Abundant WNW-  Cenozoic structures (Fig. 20) (e.g. Cunha and Pereira, 2000;
ESE striking left-lateral faults affecting Upper Cretaceous Guimer et al., 2004; De Vicente et al., 2011; and refer-
limestones in the southern limb of the Villarcayo syncline, ences therein). Despite the ongoing debate about the de-
and postdating all the other assemblages (@uanid Tavani, tailed evolution of the Cenozoic intraplate stress fields of
2012), as well as left-lateral reactivation of the WNW-ESE the area (e.g. Liesa and Sim-Gomez, 2007; De Vicente
striking Rumaceo and Golobar faults, and the WNW-ESEet al., 2009), it is pretty evident that WNW-ESE striking
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10w 6w 2w 2E ening directions in the western and eastern portions of the
‘ ‘ ‘ Pyrenean orogen.
Z
N N N~ T 4.2 The Mesozoic rifting stage
V [ \ The Mesozoic history recorded in the study area is charac-
y VV e G N = terised by a simpler framework with respect to the Cenozoic
y ‘ \ one. The presence of much evidence of left lateral move-
: ments along WNW-ESE and NW-SE striking faults, which
§ mimics a left-lateral strike slip system, probably stands be-
j/ _mystem hind the hypothesis of the existence of an Aptian—Albian
Cen/ left-lateral tectonic stage in the study area (Galdonckjar,
| ‘ 1996). This hypothesis, however, is confuted by the follow-
/ ‘ i ing evidence: (1) WNW-ESE left-lateral movements in the
_ ; area affect the entire sedimentary package, up to Upper Cre-
200 km taceous limestones, postdating Miocene thrusting and fold-
T ing (Quing& and Tavani, 2012); (2) computed stretching di-

rection during Mesozoic rifting in the Basque Cantabrian
Fig. 20.Cenozoic tectonic sketch map of the Iberian Peninsula (af-Basin was about NNE-SSW (Tavani and vz, 2012);
ter De Vicente et al., 2009). (3) this stretching direction is parallel to a set of regional-

scale Mesozoic faults that segmented the Bay of Biscay-

Pyrenean rift system, among which the most important ones
right-lateral faults and N-S to NNE-SSW striking left-lateral are the Santander and Pamplona fault zones which bounded
faults of the western portion of the lberian peninsula, to-the Basque-Cantabrian Basin to the west and to the east, re-
gether with the WSW-ENE striking Central System, fit well spectively (Fig. 1a) (e.g. Roca et al., 2011); (4) a Mesozoic
into an about NNW-SSE oriented compression (Pais, 2012NNE-SSW oriented stretching direction is also observed in
and references therein), which is the Cenozoic layer parallethe Organg Basin, which is located in the Pyrenean Moun-
shortening direction documented for the Cantabrian Moun-tain Range and belongs to the western portion of the Bay of
tains (Quink and Tavani, 2012). The eastern boundary ofBiscay-Pyrenean rift system. In agreement with these obser-
these intraplate elements is provided by the Iberian Chainyations, all of them showing an almost ridge-perpendicular
for which a complex Cenozoic partitioning between strike- (i.e. about NNE-SSW) stretching direction during the open-
slip and reverse movements has been recognised. In partiegng of the Bay of Biscay, the only doubtful structure pre-
ular, De Vicente et al. (2009, 2011) documented a Cenozoisented in this work, which is the NE-SW striking left-lateral
right-lateral strike-slip component along NW-SE oriented el- transtensive Selaya Fault System, can be easily interpreted in
ements, which roughly core the chain. Contextually, thesethe framework of NNE-SSW oriented stretching. A consis-
authors found a Pyrenean NNE-directed tectonic transportent interpretation for the structural pattern observed along
direction in the north-eastern sector of this chain, while re-this fault zone, in fact, is that NE-SW and NW-SE oriented
verse faults become west-verging in the western areas. Fiextensional structures of this area, as well as the Selaya Fault
nally, Cenozoic transport direction turns into north-verging System itself, originally developed as either synthetic relay
in the northern tip of the chain (De Vicente et al., 2009). This ramp or antithetic extensional interference zones (Gawthorpe
northern tip is separated by the exposed southeastern terménd Hurst, 1993), linking the western termination of the
nation of the Ubierna-Ventaniella Fault System by less thanCabierniga Fault and another extensional fault located more
10km. In the area between these elements, several Cenozdia the south (and today buried below Upper Cretaceous lime-
basement structures have been recognised in seismic sectios®nes). This former transfer zone would have been later in-
(Herrdiz Huerta and SélPont, 2000), being the San Pedro corporated into the hanging wall of the C&pniga Fault, and
structural highs the most prominent. All the above-discussedhus underwent a WNW-ESE oriented extension, caused by
intraplate features can be explained in the framework of aalong-strike stretching (e.g. Destro, 1995), which led to the
non-rigid behaviour of Iberia during Pyrenean orogeny. Inleft-lateral transtensive reactivation of the inherited NE-SW
fact, N-S to NNE-SSW and NNW-SSE oriented shortening striking faults.
in the Pyrenean and Cantabrian realms, respectively, do not
allow to be describe the Cenozoic motion of Iberia by rota-4.3 Initiation of subduction in the Cantabrian domain
tion about a single Euler pole. It is here proposed that the in-
traplate structures of Iberia, including the Ubierna Fault Sys-Subduction initiation is one of the most important and par-
tem and the Iberian Chain, developed to accommodate théally unsolved problem of plate tectonics, mostly due to
intraplate space problems resulting from the different shortthe lack of unambiguous examples. Despite the fact that
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Cantabrian domain is a very atypical subduction zone, here itlid not start earlier than Middle Eocene time (Alonso et al.,
is proposed that it represents one of the few sites in the world 996; Santisteban et al., 1996; Herrero et al., 2004; Fillon
where the entire orogenic process, including the subductioret al., 2011). All this evidence indicates that the progressive
nucleation stage, is well-recorded. As previously pointed out,southward migration of the foredeep-peripheral bulge sys-
both the stratigraphic (e.g. Herrero et al., 2004) and the structem of the Cantabrian pro-wedge started in the area shown
tural record (Quird and Tavani, 2012) in the Cantabrian in Fig. 21b, at least during the Paleocene. In other words,
pro-wedge indicate that the foredeep-forebulge system hathe unconformity between Paleocene and Upper Cretaceous
progressively migrated southward, consistent with the intersediments found in the MC C-2 well (Fig. 21d) and the ge-
pretation of Gallastegui (2000), who indicated that subduc-ometries of Fig. 21b—c indicate that mountain building asso-
tion and related indentation of the lower crust started aboutiated with indentation of the lower crust was anticipated by
100 km to the north of the present-day position of the Duerothe development of a today well-preserved lithospheric-scale
Foreland Basin. That area is the Iberian platform that, acsyncline, which divided the future pro- and retro-wedge. This
cordingly, should host evidence of how upper crustal levelsallows to conclude that, despite some complications and the
respond to subduction initiation. The N-S oriented geologi- atypical subduction framework of the belt, the geometries ob-
cal cross sections in Fig. 21 show how that area correspondserved in Fig. 21b actually represent an outstandingly pre-
to a Mesozoic passive continental margin that underwent lim-served image of what beginning of subduction induces in
ited Cenozoic inversion (Gallastegui et al., 2002). Despite thehe upper crustal levels, being in essence a lithospheric-scale
presence of many reverse faults and associated anticlines, @nd low-amplitude syncline overlying the nucleation point
can be recognised the presence of an about 40-km-wide syref subduction (Fig. 22). This syncline can be interpreted as
cline filled by Paleocene to Eocene strata (Eugz Claverol  induced by the triggering, at a very low value of the oro-
and Gallastegui, 2002). These sediments reach a thickneggenic shortening, of a gravitational instability leading to the
of 1 km in the core of the syncline, where they conformably collapse of the lithosphere into the asthenosphere (e.g. Stern,
overlie the Mesozoic sequence, whereas they progressivel2004), which would have implied the development of a rather
onlap both to the north and to the south, at the northern angdymmetric and downward amplifying syncline. The excess
southern edge of the syncline, respectively. This is particudength in the crust was asymmetrically accommodated by
larly evident in the southern portion of the section (Fig. 21c), the reactivation of the inherited extensional detachment (e.qg.
where a formerly extensional fault bounds to the south theGallastegui et al., 2002; Roca et al., 2011; Rewchez-Viejo
Paleocene to Eocene syn-kinematic sediments. Deposition @t al., 2012), above which the first embryonic contractional
Eocene and even Paleocene sediments was thus coeval wistructures of the retro-wedge developed. It is worth remark-
the development of the syncline, which accordingly had toing that, in a map view, the northward concave shape of all
predate the development of the Duero Foreland Basin andhe structural features of the Cantabrian domain (Fig. 19) im-
also the uplift of the Cantabrian Mountains, both of which poses a subduction nucleation approximately located in the
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Fig. 22. Schematic evolution of subduction and development of the Pyrenean orogen in the Cantabrian domain.

area of Fig. 21b—c, which would have propagated both west5 Conclusions

ward and eastward. This rules out any influence of the east-

ern Pyrenean domain, where subduction started in the Late

Cretaceous (e.g. Beaumont et al., 2000), in determining sub!n€ doubly vergent Pyrenean orogen represents the bound-
duction nucleation in the Cantabrian domain. Conversely, théX’y between the Iberian and Eurasian plates and extends
westward propagation of the eastern, north-directed, pyretrom the Atla}ntilc Ocean to the Mediterranean Sea. It in-
nean lithospheric architecture influenced the subsequent stegudes two distinct domains developed due to the subduc-
of deformation, when the symmetric mantle syncline waslion of the Iberian Plate underneath the Eurasian one. The
forced toward a north-verging framework. This implies con- PYyrenean domain to the east includes the Pyrenean Mountain
tinuous lower crust thickening and the consequent MiddleRanges and the Basque area and, in its south-verging por-
Eocene to Miocene uplift of the Cantabrian Mountains, with tion, it is characterised by far-travelled thin-skinned frontal

the development of the two foredeep basins associated wit§tructures. In the Cantabrian domain to the west, mountain
flexure of the lithosphere. building was associated with indenting and associated thick-

ening of the lower crust, which caused uplift with limited
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